Summary.-The establishment in culture and characterization of 4 human neuroblastoma (NB) cell lines and 1 human ganglioneuroblastoma cell line are described. Each cell line fulfilled at least 2 of 4 criteria for malignant or transformed cells: viz., subcultured more than 70 times, high saturation density with absence of contact inhibition, population-doubling time within a range of 10-40 h, and tumour formation in nu/nu mice. Each cell line also fulfilled at least 2 of 3 criteria for neuroblastoma cells: viz., humoral and cell-mediated immune reactivity toward NB-associated cell-surface antigen, intracellular storage and extra-cellular secretion of catecholamines, and characteristic neuroblast and ganglion-cell morphology.
REPORTS of well-characterized cell lines from human neuroblastomas and related tumours (Tumilowicz et al., 1970; Biedler et al., 1973; Schlesinger et al., 1976; Gerson et al., 1977; Seeger et al., 1977) , remain infrequent, despite the productiveness of this type of resource in other tumour systems. We have established 4 new neuroblastoma lines and one line from a ganglioneuroblastoma. This paper describes studies of their metabolism, population-doubling time, immunology, tumorigenicity and morphology.
MATERIALS AND METHODS

Patients
All patients who provided tissue for culture attended the Royal Hospital for Sick Children in Glasgow. The diagnosis was confirmed histologically in each case. Details of the patients are given in Table I .
Cell suspensions
Cell suspensions were obtained by dicing fresh surgically excised tumour tissue with scalpel blades in Eagle's minimal essential medium containing penicillin (100 iu/ml) and streptomycin (100 ,tg/ml) under sterile conditions in a laminar-flow cabinet. Fiveml samples of the cell suspension were incubated in 25cm2 or 75cm2 flasks in growth mediumll (GM) at 37°C for 48-72 h to permit attachment of cells to the base of the flask. Cultures were examined microscopically every 3 days and the growth medium changed with the same frequency. Subculture was performed at confluence by adding 0-25% trypsin-saline solution for 10-15 min at 37°C and then dislodging the loosened cells by shaking the bottle and by agitating the medium with a Pasteur pipette. The resulting cell suspension was then washed once in fresh GM and the cell suspension divided between 2 fresh culture flasks.
Samples of exponentially growing lines
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1 I To 150 ml Eagle's MEM add: 2 ml L-glutamine (29-2 mg/ml); 2 ml M Hepes buffer; 5000 iu penicillin; 5000 ,tg streptomycin; 15,000 iu mycostatin; 1 ml MEM nonessential amino acids; 25 ml foetal calf serum. were frozen to -196°C (in liquid N2) to permit subsequent examination of the effect of increasing passage on the lines, and to insure against loss of the lines by infection or other disaster.
Determination of population-doubling timo The average duration of the logarithmic growth phase for each cell line was derived from the growth curve of 105 cells seeded into a 25cm2 culture flask. For all 5 cell lines the log phase of growth was observed for 24-96 h after seeding. Thus the doubling time of each cell line during the log phase was determined by seeding 16 x 25cm2 culture flasks with 105 cultured tumour cells in 5 ml GM counting and averaging the number of viable (trypanblue-excluding) cells in 4 replicate flasks at 24, 48, 72 and 96 h after culture establishment. The logarithm of the mean number of cells of the replicate flasks (log N) was derived from the formula log N=log No+Kt log2 (where No is the starting cell number and N is the number of cells at the time of assessment, t, and K is the regression constant. Log N was plotted against time and the mean population-doubling time (T= 1/K) was calculated. T is the mean doubling time (Paul, 1970) ).
Tumour formation in congenitally athyntic mice nu/nu Waslhed tumour cells (4 x 106) from the log phase of each culture were injected s.c. into the right shoulder of 2 nude mice (purchased from the Huntingdon Research Centre,, Alconbury,) and 2 C57BL/6 mice. The C57BL/6 mice were conventionally housed and fed a standard diet (Oxoid 86) ad libitum. The nude mice were housed in a separate room and fed the same diet as above but additionally received antibiotic-supplemented sterile distilled water to reduce the risk of infection. All mice were examined every 3 days for tumour development.
When a tumour developed, the latent period (i.e. time between injection and development of detectable tumour) was recorded, and when the tumour reached a diameter of 25 mm the animals were killed and the tumours excised, fixed in Bouin's fixative and examined histologically after staining with haematoxylin and eosin.
Evidence of catecholamine synthesis
The supernatants from cultures of the neuroblastoma and ganglioneuroblastoma cell lines approaching stationary phase (106 cells cultured for 96 h at 37°C) and from a comparable monlayer of malignant melanoma cells were analysed biochemically by alumina absorption and fluorimetric detection of catcholamines (Wood & Mainwaring-Burton, 1975) . Interacellular catecholamines were sought by the technique of Falck et al. (1962) adapted by Helson et al (1975) . Monolayers of cell cultures approaching the stationary phase were air-dried for 10 sec, quenched in a mixture of isopentane saturated with dry ice and dehydrated at -40 to -50TC in a freezedrying chamber. The slides were then exposed to paraformaldehyde vapour at 60°C in a closed beaker for lh. After attachment of a coverslip by 50% glycerol in phosphatebuffered saline, slides were examined by UVr light, filtered to remove all light above 500 nm.
Detection of neuroblastoma-associated mnem.-brane-located antigens In order to provide conltinuity and comparability, cells from lines AS and JH, the first 2 to be established, were used as target cells in an indirect, immunofluorescence test after formalin fixation (Ross et al., 1975) as sources of antigens in the direct leucocytemigration assay. As a tumour control, cells were drawn from the malignant melanoma line MEL57 (obtained from Dr C. Sorg, Munster, W. Germany). Sera from 18 children with histologically confirmed neuroblastoma and 16 control donors of comparable age were tested in an indirect immunofluorescence technique using FITC-conjugated sheep-anti-human IgG for detection of anti-tumour antibody. Peripheral-blood leucocytes from 5 neuroblastoma patients and 5 age-matched control donors were tested against formalin-fixed cells of AS and JH by a direct capillary leucocyte migration technique (Ross et al., 1975 (Culling, 1975 (Table II) The doubling times of the 4 neuroblastoma lines were closely similar, ranging from 35-2 to 40-7 h, with a mean of 36*9. The longest doubling time was observed with the line which had been longest in culture, but otherwise there was no indication that the period in culture had any effect on doubling time.
The doubling time of the single ganlioneuroblastoma line was longer (50 h).
Tumour formation in nude mice (Table III) All 4 neuroblastoma lines grew as No tumours resulted from inoculation of the neuroblastoma or ganglioneuroblastoma lines into immunologically competent C57BL/6 mice.
Histologically the tumours in nude mice were similar, consisting of irregularly arranged, tightly packed oval cells with dense nuclei and a high nucleocytoplasmic ratio. Rosette formation was not seen. Stroma was moderately abundant and the tumours were encapsulated. They were well vascularized, without necrosis or a host inflammatory response (Fig. 1) .
The cells of all 5 neuroblastoma and ganglioneuroblastoma cell lines showed apple-green cytoplasmic fluorescence after exposure to paraformaldehyde vapour. were identified in the supernatants of the various neuroblastic lines. Catecholamines were not detected in the supernatant of the melanoma lines examined.
Detection of neuroblastoma-associated membrane-located antigens (Table IV) Sera from neuroblastoma patients reacted with the cultured NB lines AS and JH (9/18 = 50%) in immunofluorescence studies significantly more frequently than sera from control donors (3/16 = 19%: P < 0.05). NB patients' serum reactivity with cultured melanoma cells (1/18=6%) was significantly less than that with cultured NB cells (P < 0.05). There was no statistically significant difference between the reaction frequencies of the sera of control children with cultured NB Fig. 2 (--) ]. These latedeveloping cells were usually large, multinucleate (up to 3 nuclei per cell) (Fig.  3a, arrow) and had multiple dendritic processes and one larger axon-like process which sometimes forked (Fig. 3b,  arrow) . The axon processes were recognizably different from the elongated ce1l terminations of fibroblasts in culture. With time in culture these processes became longer and thicker and axons from adjacent cells came into close mutual contact (Fig. 3c, arrow (Goldstein et al., 1958) . Ultrastructure of cultured cells The cells are epithelioid in shape (Fig. 4) and have large nuclei (N) which contain 1-2 nucleoli and active masses of chromatin, bounded by a convoluted pocketed nuclear membrane (P). The cytoplasmic organelles are consistent with considerable metabolic activity, as indicated by rough endoplasmic reticulum (RER), the cisternae (C) packed with amorphous electron-dense material, prominently developed Golgi apparatus [Fig. 5 (Palay & Palade, 1955) . Appearances suggestive of neurofilament development [ Fig. 4 (NF)] were seen close to the nuclear membrane. Viral particles were not seen.
The most striking feature was the presence of large membrane-bound vesicles [ Fig. 5 (V) ], some containing moderately electron-dense amorphous material with an even denser core, while others contained clear fluid only [ Fig.  4 (V) ].
The 5 cultured cell lines characterized in the present study fulfilled criteria characteristic of malignant neuroblastoma cells summarized in Tables V and VI better differentiation and relatively slow growth in vitro. Xenografting of neuroblastoma lines has been reported previously in nude mice by Helson et al. (1975 ), Schlesinger et al. (1976 and in hamster cheek pouches by Biedler et al. (1973) . Microscopy of the tumours in the present series showed well vascularized tumours, consistent in appearance with poorly differentiated neuroblastoma but without any characteristic rosette formation. Despite the absence of any evidence of metastases in the experimental animals Akeson & Seeger (1977) and ourselves (Morrison et al., 1982) . The growth patterns of the lines are similar to those previously recorded. A similar, though shorter, dormancy was observed by Goldstein & Pinkel (1958) and Schlesinger et al. (1976) . The progressive development from the explant fragments of epithelial-cell webs which eventually formed confluent monolayers, the development of neuroblast-like cells, subsequent wide formation of multilayered contact-uninhibited cell carpets, and the ultimate development of gang-lion cells with axon-like processes, accord well with previous accounts of the development of malignant cell lines in general and neuroblastoma cultures in particular (Goldstein & Pinkel, 1958; Tumilowicz et al., 1970; Biedler et al., 1973; Schlesinger et al., 1976; Seeger et al., 1977; Gerson et al., 1977) .
Ultrastructural features of the lines indicate them to consist of epithelioid cells, consistent with a neuroectodermal origin and the presence of a prominent RER, well developed Golgi apparatus, and numerous polysomes and individual ribosomes indicating high metabolic activity. Numerous complex mitochondria, some of which have longitudinally orientated internal cristae, support an origin from neural tissue (Palay & Palade, 1955) as does the possibility of perinuclear (neuro) filament formation similar to that described in neuroblastoma cells by others (Greenberg et al., 1964; Boesel et al., 1978; Rhodes et al., 1978) . Important in relation to the immunological crossreactions noted above, viral particles were not seen in numerous electronmicrographs from the different lines.
Membrane-bound vesicles, some packed with electron-dense material and some containing clear fluid, were numerous in all preparations. The vesicles containing electron-dense material are identical to the catecholamine-storage vesicles described in neuroblastoma cells (Greenberg et al., 1964; Seeger et al., 1977; Boesel et al., 1978) , while the clear vesicles conform to the neurotransmitter vesicles described previously in neuroblastoma cells (Greenberg et al., 1964; Lyser, 1974; Rhodes et al., 1978; Hirario, 1978) .
The characterization procedures thus confirm that the cultures are human malignant cells originating from neuroblastoma. Culture of neuroblastoma tissue may eventually provide information on why some neuroblastomas regress in vivo, and may also prove useful in determining susceptibility of individual tumours to specific chemotherapeutic drugs.
